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Particle Size Distributions in Arctic Polar Stratospheric Clouds, Growth a,nd 
Freezing of Sulfuric Acid Droplets, and Inplica, tions for Cloud Formation 

J. E. DYe, • D. BAUMGARDNER, 1 B. W. GANDRUD 1 S R KAWA, • K K 

M. LO•WV, NST•IN, a G. V. F•RRY, a K. R. CaAN, a AND B. L. GARY 4 

Particle size and volume mea. s•rements obtained with the forward scattering spectrometer 
probe (FSSP), model 300 during January and February 1.•89 in the Airborne Arctic Stratospheric 
Experiment are presented and used to study processes important in the formation and growth of 
polar stratospheric cloud (PSC) particles. Comparison.q of the ob.qerva.tions with expected sulfi•ric 
acid droplet deliquescence suggest that in the Arctic a major fraction of the sulfixric acid droplets 
remain liquid until temperatxtres at least as low as 193 K. Arg•ments are presented to suggest that 
homogeneous freezing of the sulfuric acid droplets might occur near 190 K and might play a role in 
the formation of PSCs. The first suggestion of nitric acid trihydrate (NAT) particles appears near 
saturation ratios of HNO3 with respect to NAT of 1 (about 195 K) as an enhancement of the large 
particles on the tail of the sulfuric acid droplet size distribution. The major increases in m•mber 
and volume indicative of the main body of the NAT cloud are not seen in these Arctic investigations 
until 191 to 192 K, which corresponds to an apparent saturation ratio of HNO3 with respect to 
NAT of about 10, unlike the Antarctic where clm•ds were encountered at sa.t•ra. tion ratios near l. 
A decrease in the number of particles was observed in regions in which the airmass was denitrifled, 
i.e. NO•, the sum of all reactive nitrogen specie•, was redfaced. This was especially true for the 
larger particles on the upper tail of the sulfate size distribution. The loss of these largest particles 
supports the idea that denitriflcation may be the result of the preferential nucleation and growth 
of NAT on only the largest sulfate particles, which then sediment out of the airmass. 

1. INTRODUCTION 

Since the discovery from satellite extinction 
ments [McCorrnick et al., 1982] that polar stratospheric 
clouds (PSCs) occur frequently in the winter polar strato- 
sphere, interest has shifted in just a few years from that of 
a scientific curiosity to one of major environmental signifi- 
cance. It is now clear that PSC particles act as catalytic sur- 
faces for heterogeneous reactions that can lead to ozone de- 
struction [Solomon½t al., 1986; McElroy et al., 1986; Jo,es 
et al., 1990]. The initial hypothesis of Steele et al. [1983], 
which followed earlier work of Halleft av Lewis [1967] on 
nacreous clouds, suggested that PSC particles were formed 
by the condensation of water vapor onto frozen sulh•ric acid 
droplets. This proved incorrect when observations showed 
that. the extinction expected for ice particles was too large 
to match the measured extinction [Hamill et al., 1986] and 
that the particles formed at temperatures warmer than the 
frostpoint, the temperature at which saturation with respect 
to ice occurs [Poole and McCormick, 1988a]. Teenet al. 
[1986] and Crutzen and Arnold [1986] independently sug- 
gested that condensation of nitric acid, particularly nitric 
acid trihydrate (NAT), could occur at. temperatures several 
degrees warmer than the frostpoint. Laboratory studies by 
Hanson and Mauersberger [1988] mapped the saturation va- 
por pressure curves of HNO., and H, over NAT and eval- 
uated the likelihood of NAT formation in the polar regions. 
Subsequently, observations have shown that the particles do 
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contain nitric acid [Fahey et al., 1989; Ga•rud ctal., 1989; 
Pueschel et al., 1989; Arnld et al., 1989; Holman??, et al., 
1990; Scblager et al., 1990]. Airborne lidar measnrements 
[Poole and McCormick, 1988a] showed that there are two 
stages in the observed backscatter, apparently associated 
with two kinds of particles. They found that the first stage, 
now referred to as type I particles, appeared in the Arc- 
tic at. temperatotes near 195 K, which is several degrees 
warmer than the frostpoint of about 188 K. Accumulating 
evidence shows the likelihood that type I particles are NAT 
[see Kawa et al., this issue], although there is some uncer- 
tainty in the composition and whether or not the particles 
are crystalline, or amorphous or perhaps even liquid with a 
composition close to that of NAT. In this paper we will refer 
to the type I particles as NAT. They found that the second 
stage, type II particles, exhibit significantly larger backscat- 
ter and appear at temperatures colder than the frostpoint. 
They are thought to be predominantly ice. 

Most scenarios for the nucleation and growth of PSC par- 
ticles assume that nucleation followed by co-condensation 
of HNOs and H20 occurs on already frozen sulfuric acid 
droplets to form NAT particles. However, there has been 
some discussion of the possibility that the nitric acid 
containing particles are supercooled liquid [e.g. 
1990] composed of a ternary mixture of H2SO4-HNO•-H20 
[Crutzen et al., 1988; Herrharmand Deshler, 1990]. 
et al. [1988] suggest that. a requirement for the formation 
of solid NAT particles is that. the sulfuric acid particles are 
frozen. Poole and McUorrn. ick [1988b] assumed that there 
was not. a barrier for nucleation of the NAT on the frozen 

sulfuric acid droplets, while Poole et al. [1990], Wofsy 
al. [1990], and Peter et al. [1991] explore the effects of 
different. free energy barriers (contact angles) on the nucle- 
ation of NAT particles. In the models of Poole et al. and 
Wofsy et al., curvature effects and cooling rate as well as 
energy barrier were found to control the number of particles 
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which can nucleate and grow. These models suggest that 
with high cooling rates (more than about 5 K per day) the 
rate at which HNOs condenses is small compared to the rate 
of increase of available HNOs vapor (i.e., the difference be- 
tween the saturation vapor pressure at the surface and the 
ambient partial pressure) and thus large supersaturations 
develop which in turn activate most of the frozen sniffstic 
acid droplets. They also suggest that tens of minutes are 
required for the formation of PSC particles in an air parcel 
moving with the wind, although the clouds themselves can 
persist for hours or days. Like wave clouds, particles form 
at the leading edge, move through the cloud following the 
air motion except for slight sedimentation, and dissipate at 
the trailing edge of the cloud. For cooling rates less than 
about 1 K per day the rate of condensation comes closer 
to balancing the HNO3 available for growth and fewer NAT 
particles are nucleated, resulting in larger particles. Hol- 
m. ann et al. [1989a.] believe that the micron-sized particles 
which they observed in Antarctica. are the result of growth 
in airmasses which experienced slow cooling rates. Salawitch 
et al. [1989] suggest that the sedimentation of these larger 
NAT particles causes removal of nitric acid from the airmass, 
i.e., denitrification, which has important consequences for 
ozone destruction. 

During the Airborne Arctic Stratosphere Experiment 
(AASE), particle •neasurements were made front the NASA 
ER-2 with a forward scattering spectrometer probe (FSSP) 
model 300 [Bantu. gardner et al., this issue: Dye et al., 1990a] 
which was designed to provide improved measurements in 
PSCs. Measurements obtained with the FSSP 300 on the 

January 24, 1989, flight of the ER-2 were presented by Dye 
et al., [1990b]. The key features from this flight were that 
the first appearance of PSC particles occurred near appar- 
ent saturation ratios of nitric acid with respect to NAT of 
about 1, but the main increase in number and volume of par- 
ticles was not detected until the apparent saturation ratio of 
HNOs with respect, to NAT reached about. 10. Gandr•td et 
al. [1990] presented observations from the January 30, 1989 
flight of the ER-2 during which particles > 4 ltm diame- 
ter were observed and concluded that these large particles 
were probably type II particles and had fallen from above 
the ER-2 altitude. 

Although we have learned much about PSCs in just a few 
years, many questions remain about the chemical composi- 
tion of the particles, the nucleation and growth of the par- 
ticles, the size and surface area distribution of the particles 
in different environmental conditions, and the factors which 
control the number and hence size of the particles. The 
purpose of this paper is to present in more detail the evolv- 
ing size distributions from each of the ER-2 flights in which 
PSC particles were detected and to investigate mechanisms 
responsible for the formation of the particles. We first ex- 
amine the growth and dilution of sulfuric acid droplets and 
the temperature at which t. hey may freeze. This is followed 
by an examination of the conditions in which NAT parti- 
cles are first detected and the conditions present when the 
ER-2 enters the main type IPSC cloud. Observations of 
larger particles, presumed to be type II ice particles, are re- 
lated to the temperature structure near and above the ER-2. 
We then explore changes in the particle size distribution in 
regions in which denitrification has occurred. Finally we 
discuss the possible role of the homogeneous freezing of sul- 
furic acid droplets in addition to cooling rate as a factor in 

determining the number of sulfa. te particles which can serve 
as nuclei to form NAT. The FSSP 300 measurements are 

also used in conjunction with NO• and H•O measurements 
in Kawa et al. [this issue] to investigate the composition of 
PSC particles. 

2. OVERVIEW OF THE FLIGHTS 

Fourteen flights were made by the ER-2 from Sola Air- 
field near Stayanger, Norway, during the AASE. Tarco et al. 
[1990] give an overview of the project and the parameters 
measured from the ER-2. The results which we present here 
are primarily frown the seven flights in which PSCs were en- 
countered. We also show measurements from the flight of 

January 3, 1989 (hereafter we will use the notation 
in which the aircraft entered the vortex and the temperature 
dropped to 194 K but there was no clear indication of PSC 
particles. 

Most of the northbound legs of the flights were flown at a 
nearly constant potential temperature of about 440 to 460 
K, at nominal pressures of 50 to 60 mbar (19 to 20 kin). 
A typical pattern was to fly north along the coast of Nor- 
way to approximately 69 ø N latitude, then due north to a 
maximum latitude of about 78 ø near Spitzbergen. Shortly 
after reversing heading, tl•e plane often descended t.o about 
lf; km altitude (about 120 mbar, potential temperature near 
380 K) and reascended to fly another constant potential tem- 
perature surface back to Stayanger. The horizontal winds 
at the ER-2 altitude always had a significant westerly com- 
ponent. Thus the ER-2 flight tracks were not along the 
direction of airflow and the measurements do not allow us 

to examine particle evolution along parcel trajectories. Al- 
though the ER-2 did not fly a Lagra. ngian flight path, the 
day to day similarity in changes in the particle size distribu- 
tions as temperature changes provides suggestions of what 
the Lagrangian evolution might have been. 

3. COMMENTS ON TItE FSSP 300 MEASUREMENTS 

Before presenting the observations it is important to dis- 
cuss some aspects of the FSSP 300 measurements. 
gardner et al., [this issue] discuss the operation of the probe 
and evaluate the limitations and uncertainties in the mea- 

surement of concentration and size. As they point out, ac- 
curate interpretation of measurements from the FSSP 300 
requires knowledge of the particle index of refraction and 
shape. 

In this paper we are mainly investigating the tran.•itions 
from liquid or solid sulfuric acid droplets to nitric acid con- 
raining particles, which are probably NAT in the solid phase. 
However, we are uncertain if they are crystalline or amor- 
phous or even liquid and what the exact. composition is. Ad- 
ditionally, at temperatures near or below the frostpoint some 
of the particles are likely to be predoxninantly ice. Thus we 
are concerned with a range of indices of refraction rang- 
ing from about 1.31 for ice, to 1.40 for dilute sulfuric acid 
droplets near 195 K, to perhaps 1..50 for crystalline NAT 
particles, which Toon et al. [1990] have estimated from the 
Lorentz-Lorenz relation based on a NAT density of 1.62 g 
cm-S[Taesler et al., 1975]. Because we are primarily con- 
cerned with the sulfate and NAT particles in this paper, we 
have used an index of refraction of 1.40. We show below that 

the shape of the observeel size distributions is such that most 
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of the particle volume (mass) in the PSCs which we observed 
is between 0.7 and 1 pm diameter. In Figure 1 we see that 
for an index of refraction of 1.4 or 1.5, from about 0.7 to 
1.0 l•.m diameter the scattered intensity and hence size and 
particle volu,ne is almost the same. To check for effects on 
particle mass, the PSC particle meas,rements for 890]24, a 
day with a well developed PSC, were processed using size 
limits defined for indices of refraction of both ].4 and 1.5. 

The difference in calculated volumes for these two indices of 

refraction were less than 5%. Thus the choice of 1.40 should 

not alter any of the conclusions which we draw herein or 
in the companion paper by Kawa et al. (this issue) which 
uses FSSP 300 measurements to examine composition of the 
nitric acid containing particles. The use of 1.40 al.•o allows 
accurate sizing of the su!filric acid droplets which dominate 
the small particle measurements. 

Following the procedure explained in Bavrngadner et al. 
[1989] and Dye et al. [1990a] for the FSSP 300, we have 
regrouped the 31 original channels into 19 channels to help 
remove ambiguities arising from oscillations in the Mie scat- 
tering curves and misfit at. the two gain stages of the pulse 
height analyzer. The size limits, midpoints, and channel 
widths for the 19 bins used herein are shown in Table 1. 

These channel definitions have been corrected for the 200 

m s -• airspeed of the ER-2 [Ba•mgardner et al., this is- 
sue] and are the same as given in Dye et al., [!990a] ex- 
cept that channels 12 and 13 in Dye eta!. have been com- 
bined into one channel to further smooth the effects of the 

Mie peaks. The limits of each channel assume the particles 
to be spherical, which for NAT particles seems reasonable 
based on the formvat replicas of particles collected on the 
impaction wires for 890116 and 890124 which show circ,lar 
impressions [Puesehel et al., this issue]. Additionally, light 
scattering from nonspherical particles is nearly the same as 
from spherical particles of the same volume diameter when 
the size parameter, •rD/•\, (where D is particle diameter and 
A is wavelength) is • 5 [Zcr•ll, 1976]. For the 633 nm wave- 
length of the HeNe laser used in the FSSP, this corresponds 
to about 1 

For particles between about I and 5 pm diameter the os- 
cillations in the Mie scattering curve are pronounced (Figure 
1), limiting sizing resolution and accuracy regardless of in- 
dex of refraction. Above 5 p,m we see in Figure I that the 
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Fig. 1. Scattering cross section as a function of particle diameter 
for the indicated indices of refraction for the angular aperture and 
wavelength of the FSSP 300. 

TABLE 1. FSSP 300 Regrouped Channel Limits 

Channel Size Lilt, its, Midpoint, Widi, h, 
Grouped Original ndcrons microns microns 

I 1 0.37- 0.42 0.395 0.05 

2 2 0.42-0.47 0.445 0.05 

3 3 0.47--0,51 0.490 0.04 
4 4 0.5 l- 0.55 0.530 0.04 

5 5 0.55--0.60 0.575 0.05 

6 6 0.60--0.6.5 0.625 0.05 

7 7 0.65-0.70 0.675 0.05 

8 8--9 0.70-0.89 0.795 0.19 

9 10-11 0.89--0.99 0.940 0.10 

10 12 0.99---1.08 1.035 0.09 

11 13-14 1.08-2.15 1.615 1.13 

12 15-]9 2.15-3.97 3.060 1.82 

13 20-21 3.97-6.88 5.425 2.91 

14 22 6.88-8.27 7.575 ] .39 

15 23 8.27-9.78 9.025 1.51 

16 24-25 9.78-] 1.53 10.655 1.75 

17 26-27 ] { .53-- ] 3.53 12.530 2.00 

18 28-29 13.53-1.5..ql ]4.520 1.98 

19 30-31 15.51-23.67 19.590 8.16 

NOTE: In this table the 3] original channels have 
been regrouped into 19 to remove amlfiguif, ies in the 
Mie scatter curve. This gro, ping is for an index of 
refraction of 1.41) an({ does not apply to all indices of 
refraction. 

size is not a strong fi•nct. ion of the index of refraction. How- 
ever, most of the particles larger than 4 pm observed by the 
FSSP are likely to be ice-like particles, as discussed later. 
Replicas of these particles in the Antarctic by Goodman et 
al. [1989] found average aspect ratios of 2 to 3. Beca,se the 
light scattered froin nonspherical, large particles is less than 
that from a sphere of equivalent volume diameter [Zerull, 
1976], the volumes measured by the FSSP for the large par- 
ticles may be underestimated. 

Another uncertainty which needs disc,,•sion is the sam- 
ple area of the FSSP 300, because it directly influences the 
calculated concentration and derived surface area and vol- 

ume. The sample area used lierein as well as in earlier re- 
suits presented by Dye et al., [1990a,b] and Gandrv. det al., 
[1990] is 0.05 rnm 2. This value was derived from intercom- 
parisons with other particle instruments on flights on the 
National Center for Atmospheric Research (NCAR) Sabre- 
liner specifically for the purpose of determining the sample 
volume and was in basic agreement with the theoretically 
expected value. Additionally, volumetric calibrations of the 
sample area. performed in the laboratory at Particle Mea- 
suring Systems just before the AASE gave similar values to 
that quoted above. Very recent laboratory tests to check for 
electronic imbalance at low temperatures continue to sup- 
port the value of 0.05 mm 2. Baum. gardner et al. [this issue] 
discuss the sample volume determination in more detail and 
estimate the uncertainty to be about +/- 25 %. 
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Most of the observations presented below are 120 or 300 s 
averages of the particle measurements. For the above sample 
area and an airspeed of 200 m s -x, the expected statistical 
uncertainty for 120 s averages of concentrations of 10, 1, 0.1, 
and 0.01 cm -s would be +/- 0.9, 2.9, 9.1, and 29 %, respec- 
tively. For 300 sec averages, the statistical uncertainties for 
the above concentrations decrease to +/- 0.5, 1.7, 5.3, and 
16.7%, respectively. 

During the flights prior to 890116 the first channel of the 
FSSP had counts which were considerably in excess of back- 
ground. La.boratory tests showed that the noise was prob- 
ably a result of shifts in laser alignment caused by thermal 
gradients at the very cold temperatures encountered in the 
stratosphere. Better techniques for optical aligmnent, which 
we developed during the project, corrected this problem for 
the 890116 flight and thereafter. Even for the early flights, 
there was no evidence in the data that the counts extended 

into the second and third channels. Because the slope of 
the Mie scattering curve is so steep for small particles, the 
voltage width of the first channel spans a factor of almost 4, 
which except for severe noise problems, limits noise in most 
of the Particle Measuring System instruments to the first 
channel. As discussed in Dye et al. [1990b], examination 
of size distributions during the later part of the experiment 
when noise was not a problem showed that the part of the 
sulfuric acid particle distribution seen by the FSSP 300 could 
be reasonably approximated by an exponential distribution 
with a slope of about -6. We have corrected the data. in 
channel I shown here for 3 of the 8 flights (890103, 890112, 
and 890124 after 47200 s UT) by predicting a concentration 
for channel I assuming an exponential distribution based on 
the average concentration of channels 2 and 3. This cor- 
rection was applied only when the measured concentration 
in channel I was more than the predicted one. We esti- 
mate that after correction, the uncertainty due to the noise 
on these days is less than 5 % in the total concentration 
measured by the FSSP 300 and much less in the calculated 
volume. Eveit if we excluded the first channel entirely, the 
conclusions reached in this paper would remain the same. 

based on the Hanson and Mauersberger [1988] relationship, 
the observed presstire and water vapor mixing ratio [Kelly 
et al., 1990] and the assumption of 10 ppbv of HNOs in the 
gas phase. These curves correspond approximately to the 
temperature at which NAT formation might be expected to 
occur (see Section 4b for further discussion). 

,•.1. Relationship Between Na 0 and Sulfate Particles 

Previous studies by Wilson et al. [1989, 1990] show a re- 
lationship between the condensation nuclei {CN) concentra- 
tion, which are asstuned to be entirely sulfate particles, and 
NaO mixing ratios. Their measurements show that inside 
the vortex, when N•O decreases the number and modal size 

of the sulfate particles also decreases in response to changes 
in airmass. Similarly, the FSSP which detects the larger sul- 
fate particles shows a decrease in concentration and a shift 
to smaller sizes when N•O decreases in the vortex. Figure 
2 of Loewenstein et al. [1990] shows that at. ER-2 flight al- 
titudes during the AASE, a value of 175 parts per billion 
by volume (ppbv) of N•O is a good demarkation between 
airmasses inside and outside of the vortex. Based on their 

findings, we have used decreases in N•O from greater than 
200 to less than about 150 ppbv, which are usually quite 
sharp, to identify the vortex bmmdary. The short., vertical 
bars near the top of each concentration plot in Figure 2 show 
the location of the boundary defined in this manner. TA 
with an arrow near the center of each plot shows the time at. 
which the ER-2 turned around to start heading south. The 
FSSP 300 measurements frequently show decreases in con- 
centration (for example, 890103, 890112, 890119 in Figure 
2) at. the N•O boundaries. This is particularly true for the 
0.6 to 4.0 p.m category of particles. Although changes in sul- 
fate particle nmnbers and volume seen by the FSSP inside 
the vortex are often correlated with changes in N•O, out- 
side the vortex the size distribution is less sensitive to N•O 

changes. In the following section we will use changes in N•O 
as indicators of changes in airmass [Loewenstein et at., 1990] 
and thus, as a guide to when particle size distributions are 
changing due to changes in airmass. 

4. PARTICLE MEASUREMENTS AND 

INTERPRETATION 

A summary of the FSSP 300 measurements for each of 
the days in which the ER-2 flew in PSCs and for 890103 
which had a minimum temperature of 194 K are presented 
in Figure 2. In addition to total concentration, in these 
figures we also display the concentrations in three broad size 
categories as a convenient way of showing changes in the size 
distribution which roughly, but not strictly, correspond to 
changes in particle type. The three categories are (l) the 
sum of the concentrations of particles in the size intervals 
0.37 to 0.6 pm diameter which, when the ER-2 is outside 
of PSCs, corresponds to the larger particles of the snlfa.te 
distribution (which is all that is seen by the FSSP); (2) 0.6 to 
4.0 p.m, which contains primarily NAT particles; and (3) 4.0 
to 23.7 p.m, which are the largest particles and are indicative 
of type II particles, i.e., ice growth. Inside PSCs the first 
category may also contain NAT particles and the second 
category may contain a few type II particles. The heavy 
solid lines in Figure 2 show the ambient telnperatures. The 
heavy horizontal dashed curves near 195 to 196 K show the 
temperatures needed to reach saturation of HNO., over NAT 

•.œ. Growth and Dilution of Sulfuric Acid Droplets 

Dye et al., [1990b] suggested that the increase in particle 
volume observed for the 890124 case, before temperattires 
were cold enough to expect NAT formation (30600 to 33000 
UT s), might be the result of deliquescence of the sulfuric 
acid droplets. To examine this possibility, the volume of par- 
ticles measured by the FSSP for particles < 4 pm diameter 
is plotted as a fitnction of temperature for each of the days 
in Figure 3. The plots include only the northbound por- 
tion of each flight because this was flown at. approximately 
constant potential telnperature. By using the tYactional in- 
creases in size given by Steele and Hamill [!981] in their 
Table 1 for 3 x 10 -4 mb H•O {5 ppmv at 60 mbar total 
pressure) and a given particle size distribution, we can de- 
termine the fractional increase in vohlme which would be 

expected for growth of the sulfuric acid droplets as they 
come to equilibrium with the ambient water vapor pressure 
as temperature decreases, assuming that the su]furic acid 
droplets are of uniform composition. 

Because the FSSP sees only the large tail of the s•lfi•ric 
acid droplet spectrum, the number of the su]fate particles 
which the FSSP counts should increase as the sulfate patti- 
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Fig. 2. Total particle concentrations and concentrations in the indicated size categories for ] 20 s averages of the 
FSSP 300 measurements for eight flights of the ER-2. The ambient temperat•.tre is shown by the heavy solid c•rve 
with scales on the right of each plot. The heavy horizontal dashed curve near 19.5 to 196 K shows the temperat•zre 
at which HNO3 saturation over NAT occurs (see text). The short vertical lines at the top of each plot show the 
vortex boundary determined from N20 measurements, and TA the turnarm.rod time of the lgR-2. 
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cles grow by absorbing more H20 in response to decreasing 
temperature. Therefore, for comparison with observations 
we examined the growth of a changing, truncated lognor- 
mal distribution. Following Feingold and Levin [1986], the 
truncated form (indicated by t) for the nth moment of a 
lognormal distribution can be expressed as 

I& = .f(D) D" dip (]) 

wilere f(D) is the lognormal probability distribution for di- 
ameter D given by 

1 ea:p[--ln2(D/Ds)] .f(v) = v•'") v•,• • 
After integration and deternfining the coefficients for vol- 

aTile • we have 

-- -•r No D exp In 2 o' 3 • • 

[err (1'•,,,•) - erf (]'•i,,)] 

where erf is the error function defined by 

(•) 
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1 /_z /2 erf(z) = V/•2r) e -t: dt 

and 

In (D•i,,,/Dg) - 31n2cr 

The lognormal size distribution which we used for com- 
parison was based on a lognormal fit t,o the sulfate number 
distribution (J. C. Wilson, personal communicat. ion, 1991) 
measured by t,he œ',N count,er and the Passive Cavity Aerosol 
Spect,rometer (PCAS) for 890124 between 32000 and 33000 
UT s, when temperature was relatively constant at about 
200 K. The parameters of the distribution are geemet.tic 
mean diameter D y - 0.184 /tin, standard deviation cr - 
1.80, and concentration No - 15 cm -•. The No of this dis- 
tribut,ion was adjusted to fit t,he concentrations measured 
by the FSSP inside the PSC on this day and is larger than 
the measured CN concentration (6 cm -•). This same distri- 
bution is used for comparison with t.he observat,ions on all 
days. 

The calculat,ed volumes expected as temperat,ure de- 
creases from 210 to 190 K are shown as open circles at, 5 
K int,ervals in Figure 3. The same curve is shown for all 
days. Even though the calculated fractional changes in vol- 
ume for 890124, agree wit,h the observed fractional increases, 
the calculated volumes are less t,han t,he measured volumes. 

This result,s because the lognormal fit of t,he nnmber distri- 
bution underestimates the number of large particles on the 
tail of the distribut,ion. This departure in volume at, t,he 
large sizes is clearly seen in Figure 12 of J. C. Wilson el, 
al. (Stratospheric sulfate aerosol in and near the northern 
hemisphere polar vortex' Morphology of t,he sulfat. e layer, 
size di.•t,ribution, and effect of denitrification, submitted to 
Journal of Geophysical Research, 1991; hereinafter referred 
to as submitted manuscript, 1991). Also, because the air- 
mass and therefore the sulfate size distribution was not the 

same on each clay, there is a day to day variation between 
the calculated volumes (which are based only on the 890124 
PCAS fit.) and t,he particle volumes measured by the FSSP 
between 190 and 210 K. For evaluating possible deliqnes- 
cence of the sulfat,e particles, we are most interested in the 
fractional changes of volume with t,emperature since it is 
thought [Steele and Hamill, 1981] t,hat the composit,ion of 
the sulfate particles is uniform for all sizes. 

It, is apparent in Figure 3 that the observed data. froin 210 
to 195 K on some days, e.g., 890124, 890125, and 890130, 
show a gradual increase in volume with decrease in tempera- 
lure and others do not. After close examinat. ion of the N20, 

H20, and t,emperature data in conjunction with the particle 
data, we found that as temperature decreased from 210 to 
195 K on 890112, 890116, 890119, and 890120, N20 showed 
large decreases indicating changes in airmass. On these days 
changes in particle distributions from the changing airmass 
apparent,ly obscure the increases in volume which are ex- 
pected due to deliquescence of liquid droplets. For example, 
on 890112 and 890116 N20 decreased from about. 220 to 

125 ppbv during the time period of the plots in Figure 3. 
ttowever, on 890124, 890125, and 890120 between 33200 and 
37200 s, and 8901;19 between 32400 and 34g00, N20 was rel- 

atively constant and measured fractional increases in volume 
(Figures. 3 and 4) are consistent with those expected from 
growth predicted by Steele and Hamill [198!]. For the sub- 
sets of time on 890120, N20 was 150 +/- 20 ppbv and on 
890119 was 200 +/- 10 ppbv. The lower values of particle 
volnine for 890120 compared to 890119 for this subset are a 
result. of lower aerosol concentrations at the lower N•O mix- 

ing ratios in the vortex. Figure 4 shows that although the 
total volumes are different, for the t,ime subsets on t,he two 

days the observed fractional increases are similar, as would 
be expected for particles of uniform composition. Thus, the 
observations support the calculations of Steele and ttamill 
on the changing composition of the stratospheric sulfate par- 
ticles at these cold temperatures. At temperatures < 193 K 
when the ER-2 begins to enter PSCs, larger departures from 
calculated volumes begin to occur. 

It is important to note that if the sulfi•ric acid droplets 
were frozen, a.s has usually been asstuned [e.g., Poole et al., 
1990 and Wofsy et al., 1.090], we would not expect an ap- 
preciable, gradual increase in volume as the temperature 
decreases from 210 K to the point at which NAT formation 
begins. Droplets in the liquid state can change composition 
by absorbing water and increasing in size to maintain equi- 
librium between the changing saturation vapor pressore a.t 
the surface and the partial pressure of t, he ambient water va- 
por. However, frozen droplets could not grow significantly 
by condensation of H•O unt, il the temperature drops be- 
low the frostpoint. Because the rate of collision of H•SO4 
molecules with the surface is about 10 • less than that of 
water, the droplets are probably undersaturated with re- 
spect, to H2SO4 [Steele and Hamill, 1981]. They estimate 
that tilne scales for change in response to differing H2S()4 
concentrations are probably months to a year. Significant 
growth by absorption of H2SO4 should not occur on the time 
scale of a PSC event. 

Although frozen droplets would not, be expected to grow 
by condensational growth from H20 until the frostpoint, is 

I0 

0.1 

890119 52400-54800 

890120 55200-37200 

0.01 i,,, •,,, I,,, • , 
186 190 194 198 202 206 210 

TEMPERATURE (K) 

Fig. 4. As in Figure 3 for 890119 and 890120 for selected time 
periods when N2 O was relatively constant. 
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reached, at the time the droplets crystallize there could be 
an increase in volume due to the lower density of ice com- 
pared to water. The change in volume would depend upon 
the fraction of ice and different hydrates in the crystallized 
droplet. This increase in volume plus the change in refrac- 
tive index might be an explanation for the enhancement of 
larger particles of the sulfate distribution seen by J. C. Wil- 
son et al. (submitted manuscript, 1991). 

The observations clearly show a gradual increase in ob- 
served volume (when N:O is relatively uniform), which is in 
agreement with the expected growth due to deliquescence, 
leading us to conclude that most of the sulfuric acid parti- 
cles are still liquid down to at least 193 K. This conclusion 
is supported by photomicrographs of imprints of particles 
impacted on impaction wires by Pueschel et al., [this issue]. 
The shape and flattening of the impact craters suggest that 
the particles were liquid during collection (see their Figure 
6). This finding is also supported by the laboratory studies 
of Gable et al. [1950], who found that even in bulk solu- 
tions large supercoolings of H:SO4 could occur whicl• made 
it very difficult for them to nucleate the different hydrates. 
Holmann and Deshler [1991 ] examined their measurements 
for evidence of deliquescence in Antarctica by using an expo- 
nential fit to their observed particle distributions. However, 
their measurements, which have less size resolution than the 
FSSP 300 measurements, had too much scatter to either 
confirm or preclude deliquescence. 

$.3. Homogeneous Freezing of ,Sulfuric Acid Droplets 

The laboratory studies of Pruppacber and Neiburger 
[1963] showed that solutes enhance the supercooling of p,re 
water and that the resultant supercooling was a. pproxi- 
mately equal to the sum of the maximum supercooling for 
pure water plus the equilibrium freezing-point depression 
due to the solute. This and the work of Gable et al. [1950] 
led Halleft and Lewis [1967] to postulate that the snper- 
cooling of sulfi•ric acid droplets in the stratosphere could be 
very large and in their Figure 5 showed the maximum super- 
cooling which they expected for different. weight. percentages 
of SOs in water. In Figure 5 we replot the maximum su- 
percooling curve of ttallett and Lewis (converted to weight 
percentage of H•SO4 in water) superimposed on the equi- 
librium phase diagram for ice and the hydrates for sniffsrio 
acid-water solntions adapted from Steele et al., [198.3] an•l 
Gable et al., [1950]. Our figure also shows the equilibrium 
weight composition of a sulfuric acid droplet as a h•nction of 
temperature after Steele an Hamill [1981] for H•O partial 
pressures of 3 x 10 -4 and 5 x ]0 -4 mbar (5 and 7 ppmv 
at, 60 lnbar). The sulfi•ric acid solution droplets can be su- 
percooled with respect. to ice and also supersaturated with 
respect to the sulfate hydrates. If one nucleates but not the 
other, the droplet can be mixed phase and this occurrence 
is a distinct. possibility. Once the droplet begins to freeze, 
ice and various crystal hydrates will form as the solution 
becomes more and more concentrated, ultimately becoming 
a complicated mixture of ice and hydrates. 

As an airmass cools, H•$O4 solution droplets will take 
on water and grow to maintain equilibrium. They can con- 
tinue to grow and supercool, following the •veight compo- 
sition curve in Figure 5 for the appropriate water vapor 
mixing ratio, until they freeze. This can occur through het- 
erogeneous nucleation, i.e., nucleation by a foreign body, or 

by homogeneous nucleation. The intersection of the weight 
percentage curve with the maximum supercooling curve in 
Figure 5 gives the approximate temperature at which ho- 
mogeneous nucleation would be predicted to occur, based 
on Hallett and Lewis' work. For 5 ppmv at 60 mbar, the 
water vapor mixing ratio found by Kelly et al. [1990] in 
the Arctic, the predicted temperature of homogeneous nu- 
cleation is 189 K. For 7 ppmv it is 191 K. We speculate that 
the enhancements of the large particles on the tail of 
sulfate particle distributions observed by J. C. Wilson et al. 
(submitted manuscript, 1991) may be due to the small frac- 
tion previously frozen by heterogeneous nucleation, t, ut that 
most of the particles remain liquid until 193 K or colder and 
freeze homogeneously. 

Once the sulfuric acid droplets are frozen, they will stay 
solid until they evaporate at. temperatures above about 240 
K [Hamill and McMaster, 1984]. However, it may take con- 
siderable time for all air parcels in the vortex to reach tem- 
peratures sufficiently cold for all of the particles to freeze. 
Note from Figure 2 that the volumes plotted for 890124 
and 890125 in Figure 3 are outside of the vortex as are the 
890119 data in Figure 4. ttowever, the data. in Figure 4 for 
890120 are inside the vortex. The evidence suggests that 
deliquescence is occurring both in and out of the vortex. 
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Without direct experiments we can not. conclusively de- 
ternfine the telnperature at which holnogeneous freezing oc- 
curs. Measurements presented here strongly suggest. that 
the majority of the sulfuric acid droplets are liquid down 
to temperatures of at least, 193 K, past the temperature 
at. which PSC particle formation could begin. The discus- 
sion above suggests titat, it. may be possible to supercool the 
droplets to approximately 190 K in conditions present. dur- 
ing the AASE, although the transition to frozen droplets is 
not. well known. Crutzen et al. [1988] also suggested that, 
"once an air parcel has cooled to temperatures below 191 
K the H:SO4/H:O aerosol will most. likely be solid," based 
on observations which show cirrus like particles near 191 K. 
The abrupt increases in particle volumes associated with en- 
try into PSCs in Figure 3 occur near 191 to 192 K, which 
based on the above discussion is very near the tempera- 
ture at which sulfuric acid droplets might freeze homoge- 
neously. This correspondence suggests to us a possible link 
between the main occurrence of the observed polar strato- 
spheric clouds and the homogeneous freezing of sulfuric acid 
droplets. This idea is combined into a conceptual model of 
PSC nucleation and growtit in a later section. 

4.4. First Appearane of Particles Containing Nitric Acid 

The temperature at, which NAT particles would be ex- 
pected to be in equilibrium with the existing ttNOa and H: 
vapor pressures for a given ambient, pressure can be calcu- 
lated from the relationship derived by Hanson and Mauers- 
berger [1988] from their laboratory experiments. By ratioing 
the expected ambient vapor pressure of HNO3 with the sat- 
uration vapor pressure from the Hanson and Mauersberger 
relationship, an apparent saturation ratio of HNOa with re- 
spect to the NAT particles can be calculated. In calculating 
this ratio we assume that the HNO3 vapor pressure is the 
amount of NO v predicted from the empirical, linear relation- 
ship between N:½) and NO v observed for the polar regions 
(referred to as NOv* ) [Fahey et. al., 1989; Kawa et. al., 
1990], where NO v is the sum of all reactive nitrogen species. 
The apparent HNOa saturation ratio with respect, to NAT 

* divided then is the predicted HN½)a vapor pressure, NO• , 
by the equilibrimn saturation vapor pressure of HNOa over 

NAT. We will refer to this ratio as NO•/HNO3sat. This sat- 
uration ratio provides a useful guide as t.o when saturation 
with respect. to NAT might occur and particle growth may 
be expected. However, it is larger than the true supersatura- 
tion [Poole et at., 1990; Wofsy et al., 1990], because a large 
fraction of the available HNOa may have been deposited 
on particles as NAT, HNOa may have been lost. from the air 
parcel due to prior denitrification, and because not all of the 
NO• predicted from the N•O/NO.• relationship is gaseous 
HNOa. Kawa et al. [1990] estimate that in the Arctic polar 
region, 50 to 80% of the measured NO• is HNOa. 

From this relationship, saturation of HNOa with respect. 
to NAT is expected at t. en•peratures of 195 to 196 K for 5 
ppmv of H•O at 50 mbar and HNO3 vapor pressure based on 
the observed values of NO•. The heavy horizontal dashed 
curves in Figure 2 show the temperature of saturation of 
HNOa over NAT. When the measured temperature (the 
heavy solid line) drops below the horizontal dashed line, 
saturation is reached and NAT particle formation might be 
expected. Ice saturation would not be reached for these 
same environmental conditions until approximately 1•9 l(. 

Dye et al. [!990b] reported that for the January 24 case 
there was evidence of some growth on the largest particles 
on the tail of the sulfate size distribution beginning at about 
195 to 196 K ( NOy/HNOasat near 1) but that the large in- 
crease in volume did not begin until temperatures near 191 
to 192 K (NO•/HNOasat near 10) were reached. Sialilar 
features are seen for the other days as well. 

To illustrate different particle spectra on different days 
and at different telnperatures, we have plotted 300 s aver- 
ages (60 km of flight path) of sequential size and volume 
distributions for each of the days with PSCs in Figures 6 
and 7, respectively. The distributions are plotted in the 
dN/dlogD form, where N is the concentration and L) the 
diameter. In titis forlit the area under any part of the curve 
is proportional to concentration (volume) of particles in that 
size interval. The first number in the upper right hand cor- 
ner of each distribution gives the beginning time of the 300 
s average, the second line the total concentration (Figure 6) 
or volume (Figure 7), and the last line the average tempera- 
ture. The dashed line shows the lognormal fit to the Passive 
Cavity Aerosol Spectrometer nmnber distribution for 891024 
from 32000 to 33000 s discussed in Section 4.2. The param- 
eters of this distribution are No - 15 cm -a modal diameter 
D o = 0.184, cr = 1.60. The same curve is shown for each 
distribution on all days to demonstrate relative changes on 
each day and between days. 

The first and second columns for each day show the sulfate 
particle distribution at about 205 and 200 K, respectively. 
The shape of the distributions for each of the days is quite 
similar except for 890130, which shows fewer and smaller 
particles than the other days. The plots in the third column 
show the observed distribution near 194 K, a temperature 
which is slightly less than the temperature at which satu- 
ration of HNO• over NAT occurs, while those in the fourth 
column are near 192 K and at greater supersaturations. On 
890103 and 890112 the temperature did not drop to 192 
K, so the fourth coininn shows the distribution at the cold- 

est. temperature observed on that day. The fifth column, 
labelled "I" shows a characteristic size distribution iu the 

most prominent part of type I PSCs observed for each day. 
The column labelled "II" shows a distribution from regions 
containing the most and largest particles, which are thought 
to be type II particles. The last column shows a distribu- 
tion for those days and tintes in which the ER-2 flew in a 
denitrified airmass (see below). Although most of the flight 
of 890130 was in denitrified air, the conditions were so dis- 
furbed that we have not shown a denitrified distribution for 

that day. 

The first suggestion of NAT growth appears at 
NO•/HNOasat ratios slightly greater than 1 (temperatures 
near 195 K) as the development of enhanced concentrations 
(a shoulder) on the larger particles of the sulfate distribu- 
tion between 0.8 and 1 p.m diameter. This can be seen in tile 
194 K column of Figures 6 and 7 for 890120, 890124, 890125, 
and 890130. Even though NAT saturation has been reached 
at this temperature for the distributions shown for 890103, 
890116, and 890119 there is no discernible enhancement of 
the larger particles. For the distribution shown for 890112 
there appears to be a deficit of tile intermediate sized par- 
ticles rather than an enhancement. The data suggest that 
the formation of NAT particles on the larger sulfate part. i- 
cles did not begin until later in the history of the vortex. As 
temperature decreases from 194 to 192 K this enhancement 
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becomes lnore prominent. Even the 800116 and 890119 dis- 
tributions are now showing an enhancement of particles near 

The enhancement on the tail of the snlfate distribution 

is subtle, but we feel it is a physical feature of the observa- 

tions not an instrmnental artifact. Holmann et al. [1990] 
also convincingly show a case where the 1 pm dimneter par- 
ticles begin to exceed the background concentration near 
NAT saturation, even though changes are not. apparent in 
the profiles of the smaller particles. Hofrnann and Deshler 
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Fig. 7. Particle volume distributions for the same time periods shown in Figure 6. 

[1990] also found in Antarctica. that the largest particles in 
the sulfate layer seem to take part preferentially in NAT 
growth. Although it is within instrumental error, the NO.v 
comparisons with NO.; in Figure 7 of Kawa et al. [this issue] 
consistently hint at the presence of some NO• in the aerosol 
at NO•/HNO3sat between 1 and 10. 

Although a pronounced NAT cloud was not encountered 
on 890112, temperatures did drop below 195 K and briefly to 
nearly 193 K near 42000 s inside the vortex (Figure 2). The 
histograms at 194 and 192 K (41400 and 41700 UT s, respec- 
tively) show that 1 to 4 /zm diameter particles were present 
at these coldest temperatures and the NO• measure,nents 
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show some NO N in the aerosol phase (see Fig, re 6 of Kawa 
et al. [this issue]). However, Figtire 2 shows that just prior 
to 41400 sec UT, particles •> 4 l•.m diameter were present 
and measurements from the microwave temperature profiler 

[Gary, 1989] show temperatures above the ER-2 reached the 
frostpoint suggesting that these large particles might have 
sedimented to the ER-2 altitude. The evidence suggests 
that either type I and/or type II particles might have been 
present, but the data are ins,fflcient to determine if the 1 
to 4 /zm diameter particles were NAT. 

•.5. Main Occurrence of Type I Clouds 

In Figure 2 there are large regions in which sat,ration 
of HNOs with respect to NAT has occurred but with little 
evidence of significant particle growth. Likewise, the depar- 
ture of the measured particle volume froin sulfnric acid del- 
iquescence in Figure 3 is relatively small until temperat,res 
down to 193 K are rea. ched. However, when the temperature 
decreases below 192 K (corresponding to large apparent. sat- 
uration ratios), very large increases in volume occur. The 
observations suggest three separate regimes which we inter- 
pret as, first, the swelling of the sulfiiric acid droplets as 
temperature decreases to 195 K and below; next, the acti- 
vation and growth of a few NAT particles near saturation 
ratios slightly greater than 1 between 195 and about 193 
K; and a.t colder temperatures the abrupt transition as the 
majority of the snlfate are activated to form NAT. In Figure 
8 we see that the large increases in particle volume do not 
occur until apparent saturation ratios approach 10. 

The major feature of the observations in Figures 3 and 8 
is the large increases in volume (and concentration) which 
occur at temperatures of 192 to 193 K and apparent satura- 
tion ratios of 5 to 10 for each of the days. If the n,mber of 

particles nucleated is determined primarily by cooling rate, 
we would not expect to see such consistency with tempera- 
ture on different days, unless the cooling rate were the same 
on the different days. While this may be possible, it seems 
unlikely given the span of time with different meteorological 
conditions over which the PSC observations were made. An- 

other possible explanation for this temperature dependence 
is that only a small fraction of the sulfuric acid droplets are 
frozen at temperatures of 195 to 193 K and only this small 
fraction act as nuclei for NAT shortly after HNOa sat,ration 
with respect to NAT is achieved in the airmass. The remain- 
ing droplets remain supercooled, until colder temperatures 
near 191 to 192 K are reached. At that point they freeze 
homogeneously, thus allowing most, if not all, of the H:SO4 
particles to act as nuclei for NAT and create the main onset 
of the cloud which the FSSP observes. 

In Figure 2 we see that increases in particle concentration 
are frequently anti-correlated with temperature. At tem- 
peratures less than 195 K, we believe the correspondence 
between temperature and particle concentrations, which is 
often most evident in the intermediate sized particles (0.6 
to 4 /zm), reflect the beginnings of NAT particle forma. tion. 
For temperatures between 193 and 190 K there are often pe- 
riods when decreases in temperature of a couple of degrees 
are associated with large increases in concentrations and vol- 
umes such as those for 890116 between 36000 and 41000 s, 
890119 between 36600 and 37800 s, 890120 between 36000 
and 38600 s and 890124 between 33000 and 37000 s. This is 

particularly true for the 0.6 to 4.0 #m particles. The excur- 

sions in temperature often have periodicities of 10 to 15 rain 
corresponding to distances of 200 to 300 km and are prob- 
ably a result of wave motion frequently seen in the Arctic 
data by the microwave temperature profiler [Gary, 1989). 

Type II Particles 

Saturation with respect to water ice was observed only 
on 890124 during the AASE. Thus, the information which 
we have on conditions in the region in which type II par- 
ticles might have been nucleating and growing is very lim- 
ited. Gandrud et al., [1990] showed that the particles > 4 
p. xn diameter observed on 890130 probably formed at higher 
altitudes and sedimented to the ER-2 altitude. There were 

four other flights, 890112, 890116, 890119, and 890120 dur- 
ing which the FSSP detected regions with particles > 4 pm 
diameter (Figure 2). On each of these days, measnrements 
made by the microwave temperature profiler [Gary, 1989] 
show that temperatures 1 to 2 km above the aircraft. reached 
the frostpoint in the locations in which large particles were 
observed. For example, measured temperatures for 890120 
at pressure altitudes of 21, 22, and 23 km with the ER-2 at 
about 20 km are showix in Figure 9. The frostpoint temper- 
atures for these altitudes, shown on the right side of Figtire 
9, are about 188.0, 187.2, 186.4 K, respectively, assuming 
that the 5 ppmv of water vapor measured at 20 km [Kelly ct 
al., 1990] also applies to the higher altitudes. From Figure 9 
we see that the frostpoint was reached less than 1 km above 
the aircraft in the same region as that in which ice particles 
were observed. Additionally, there was a deep layer with 
temperatures colder than the frostpoint. 

Sedimentation velocities for 4, 10, and 20 p.m diameter 
particles with a density of 1 gcm -3 falling at 20 km altitude 
were calculated, following Kasten [1960], to be abont 100, 
400 and 1200 m per day, respectively. When they are falling 
in air subsaturated with respect to ice, some evaporation 
would be taking place. Teen et al. [1989] calculate that 
an evaporating ice particle of 20 #.m diameter at 20 k•n 
could have originated as a particle > 100 p.m one day earlier 
when falling in subsaturated air. Wofsy et al. [1990] also 
suggest that ice particles falling in a region where saturation 
of HNOa with respect to NAT occurs, might be coated by 
NAT and hence reduce the evaporation of water. Given the 
many hours or even days time scale of PSC events, it seems 
quite possible that all of the particles > 4 pm diameter which 
we observed can be explained on the basis of sedimentation 
of ice particles from above (or for 890124 formation in situ). 
The concentrations of type II particles which we observed 
and are lower limits were about 0.001 to 0.01 cm -a, which 
is a factor of 100 to 1000 fewer than the NAT particles. 
4.7. Particle Distributions in Regions of Denitrification 

Measurements of NO N presented in Kawa et al. [this is- 
sue] show that alenitrification occurred on 890116, 890130, 

and very briefly on 890120. On 890119 and 890125, NO was 
measured in place of N()•, and we cannot directly deter- 
mine if denitrification was present. The ratio between the 

measured NO N and NO• provides a method for determining 
regions of denitrifica. tion and also enhancements of NO• in 
the presence of PSCs. When NO N is lost from the airmass, 
the ratio is C 1, whereas when NAT PSCs are present, NO• 
is enhanced by the instrmnent and the ratio is .• 1. See 
Fahey et al., [1990] and Kawa et al. [this issue] for details. 
The NO•/NO.• ratio is plotted in Figure 10 for days 890112, 
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890116, and 890120. From co•nparison of particle concen- 
trations in Figure 2 with NO r in Figure 10 we see that t, he 
regions wit. h ratios > 1 correspond well witit times when 
large increases in particle concentrations occur. Kawa et 
al. [this issue] discuss these enhancement, s in more der, all. 
Also note that for 890116 from about 40000 to ,12000 s and 

890120 briefly near 41000 s the ratios in Figure 10 are sub- 
stantia]ly less t, han 1, i.e. denitrification has occurred in 
this region. From comparison with Figure 2, we see t, hat 
although the ambient temperature remained below 192 K, 
there are significant decreases in particle concentration in 
the same regions in which alenitrification has occurred. This 
is illustrated more clearly in Figure 11 in an extended plot. 

for 890116 and in the last column of Figures 6 and 7. Al- 
though particle concentrations in the PSCs decreased for 
both the smallest size category, 0.4 to 0.6 p,m diameter and 
the intermediate size category, i.e., 0.6 to 4 pm diameter, the 
ratio between the intermediate and smallest, sized particles 
is lowest, in this region. 

For bot. h 890116 and 890120 the denit, rifled region was at, 
the most northern part of the ER-2 flight. pat. h. Alt, ho•gh 
NO r was not measured on the 890119 flight, a decrease in 
particle concentration and volume also occurs on 890119 at 
the northernmost part of the ER-2 flight. track. A compari- 
son of NO• with FSSP volrune for 890119 and 890116 shows 

, 

that on both days NO r remains relatively constant. in the 
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PSC regions, but. t,here are big decreases in FSSP volume on 
bot, h days. The evidence suggest. s that. t,he nort,hern part. of 
t,he 890119 flight. is also denit. rifled. 

The lidar observat. ions of Browell et al., [1990] for the 
•90111 flight. of t,he NASA DC,-8 aircraft show t,hat, t,ype In. 
PSCs, which Too• et al. [1990] have inferred t,o be larger 
NAT particles, occurred deep in t,he vortex. This is t,he 
same region in which the FSSP nleasuren•ent. s show de- 
creases in particle concentration and volrune, particularly 
for int. er,nediate size part. icles on t,he t. ail of the sulfa. t.e dis- 
tribut. ion. This is supported furt.her by t. he observations of 
sulfat,e aerosol by 3. G. Wilson et, al. (submit, t,ed manuscript., 
1991), who also report t,hat, sulfat. e size dist. ribut,ions in den- 
it, rifled regions show a reduct,ion of particles on the large 
droplet t,a.il of t,he dist,ribnt,ion. Both t,he lidar and FSSP 
observations are consist,eat, with t,he concept that denitrifl- 
cation can occur by act,ivat,ion, in some circumst. a, nces, of 
only a s,nall tract. ion of t,he sulfa. t.e part. icles t,o form NAT 
particles which are large eno-gh t,o then slowly sediment. out. 
of t,he airmass. Wind speeds deep in t,he vortex away from 
t,he polar jet. are less and lnay result. in slower cooling rat, es. 
4.8. Summary of PSC Particle Charact, eristics 

The measurements of concentration, surface area, and vol- 
ume from the FSSP 300 are summarized in Table 2 for what 

we consider to be type I and type II particles. The concen- 
t. rations for type I particles in the size range 0.4 to 4 l•.m were 
from abm, t 2 to a maximum of 16 cm -s for 890124. The 
lower limit is very approximate because we cannot distiu- 
guish small NAT particles from sulfa. te. If we presume that 
only those on the shoulder of the distrlhntion, i.e., 0.6 to 4 
#.m were activat,ed at. temperat,ures between 195 and 193 K, 
the minimina concent. ration would be about 0.1 to 1 cm '-•. 

The concentration of type II particles observed ranged from 
0.001 to 0.01 cm -s. These are probably lower limits for the 
concentration of type II particles because the ER-2 did not 
get into the main body of type II clouds. 

The volumes observed for type I particles ranged from 
about 0.5 to 5 p.m s cm -s. Again the lower limit is not well 
defined. The equivalent mass for NAT would be a. bout 2 
to 20 ppbv. As discussed by Kawa et al. [this issue] the 

larger values are larger than would be expected compared 
t,o t,he measured NO• mixing ratios. For type II particles 
t,he range of observed volumes was 0.l t,o 8 /•,m acm -a with 
t,he maximum on 890116. These volumes were ca. lculat. ed 

assuming spherical particles. Replicas of type II particles 
in t,he Ant. a. rct. ic have shown that they are not. spherical, 
btxt, are cohmmar in shape wit. h axial ratios ranging from 2 
t,o 3 [Goodman, et al., 1989]. Because t,he scattering from 
nonspherical particles is less than for spherical particles of 
equivalent. voltune diameter [Ze•'ull, 1976], these volume es- 
t,imat,es are probably underest,imat,es. Some part, icles larger 
than those which can be sized with t,he FSSP 300 (• 24 
pm diameter) may exist, also leading t,o an underestimat,e 
of volume. 

The surface area for type I particles ran•ed from about. 
1 to as large as 20 p.m 2 cm -s for 890124 before H20 sat- 
uration was reached. The replicas collected. by Putschel et 
al. [this issu. e] on 890116 and 890124 (the only two days 
with replicas) were circular, implying t. hat the NAT part.i- 
cles seen on this day were spherical or nearly spherical and 
did not, have a lot of irreg, larities and hence additional sur- 
face area. Thus, the measurement,s of surface area of NAT 
particles from the FSSP 300 should be reasonably accurate 
for •lse in heterogeneous reaction calculations. Assuming 
spherical particles, the surface area of the type II part.icles 
ranged from 0.1 to 3 p,m 2 cm -s. As discussed earlier, t.hese 
particles were probably not spherical, some larger particles 
were probably missed, and the ER-2 did not enter the core 
of any type II clouds, all of which give underestimat.es of 
type II surface area. 

The concentrations shown in Table 2 for the type I parti- 
cles are larger than the concentrations of condensation w•clei 
(CN) measured by the CN counter [Wilson et a,l., 1990] by 
a factor of 2 to 3 as was previously pointed out. by Dye et 

a.l., [1990b] for the 890124 case. They are also larger t. han 
the sulfate concentrations for 890124 determined from 

pactor wires by P•e.•ch. el ctal. [this issue] by a factor of 3 to 
4. Hermann. et al. [1990] present CN and particle measure- 
ments which show agreement between the CN and the num- 
ber of NAT particles apparently activated. Because of the 
disagreement between the FSSP measurements and those of 
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others, we have carefi]lly investigated [Ba•trnardner et aI., 
this issue] all avenues we can think of, including recent lab- 
oratory tests of electronics at. very cold temperatures, which 
might lead to an error in sample area determination or a 
shift in sample area at the cold temperatures encountered 
in the stratosphere. We have found no evidence from these 
or earlier tests to suggest that the sample area. is different 
than the 0.05 +/- 20 % mm•previously quoted. One re- 
viewer suggested that the noise in the first channel of the 
FSSP might be the source of the large concentrations, but 
if we disregard the first channel entirely the concentrations 
in PSCs are reduced by only I to 2 cm -3. 

We are left with a.n unresolved problem' the concentra- 
tions of NAT particles measured with the FSSP in well de- 
veloped PSCs are larger than the CN concentrations mea- 
sured outside of PSCs and larger than the concentrations 
suggested by impactor wires or t. he PCAS in the overlap 

TABLE 2. Summary of PSC Particle Characteristics 

Type I Type II 

Concentration, cm -a --•2 to 16 0.001 t,o 0.01 
Volume, p,n • cm -3 •0.5 to 5 O. 1 to 8 
Surface area, ttm :• cm -3 •-•1 to 20 O.l to 3 

region where all three instruments make measuren]ents (.I. 
C. Wilson et al., submitted manuscript, 19.01 ). Is it. possilqe 
that particles smaller than the lower limit of the CN comd. er 
(0.02 tim diameter) were activated to form NAT particles, 
or is it sin]ply instrument problems? Additional field and 
laboratory studies are necessary before this issue can be re- 
solved. 

Although there is some variability in the observed size 
distributions for NAT particles, the size and volume distri- 
butions in Figures 6 and 7 show a preferred volume mode 
for NAT particle formation between 0.6 and 1 ttm diameter, 
a drop beyond 1 p.m, and very little volume out as far as 
4 p.m diameter. The appearance of this mode at that size 
suggests that it is indeed the tail of the sulfate distribution 
which is being preferentially activated to form NAT parti- 
cles, particularly those at lower saturation ratios of HNO• 
with respect to NAT. There are clearly times however, when 
the •najor fraction, if not. all, of the sulfate particles appear 
to have been activated to form a monomodal spectrum (see 
column I of Figures 6 and 7). However, the size distribu- 
tions which are likely to contain primarily NAT particles 
(based on temperatures 192 K or less) rio show considerable 
variation with some being monomodal as mentioned above 
and others having a main number mode near 0.5 t•m diam- 
eter and a shoulder near 1 gin. These variations suggest 
that different cooling rates do influence the number of NAT 
particles nucleated as suggested by a number of investiga- 
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tots and by the modeling studies of Poole et al. [1990] and 
•Vofsy et al. [1990]. This might also be the effect of some 
parcels having experienced greater temperature fluctuations 
than others. 

The observations of Hermanet al. [1989a, b, 1.q90] and 
Hermann and Deshler [1989] in the Arctic have shown fea- 
tures similar to the distributions we show. They report that 
the majority of the sulfate particles have been nucleated to 
form NAT with distributions showing a small number mode 
near 0.4 tim diameter and another mode at about 4 l•m di- 
ameter. They suggest that larger particles were nucleated 
froln larger, frozen sulfate particles and the smaller ones 
might have formed from condensation of HNO3 onto super- 
cooled liquid sulfate particles to form ternary mixtures. The 
small mode is similar to many of the dist. rihutions we found, 
for example the early phases of the 890119, 890120, and 
890124 clouds and the 890125 and 890130 clouds. They re- 
port observations made in the 890130 cloud above Kiruna 
Sweden, which is to the west of the ER--2 flight track. Their 
distributions look similar to ours for that day in that they 
report most of the particles near 0.4 t•m with a larger n•ode 
near a few microns diameter. One general difference between 
their reported distributions and ours is for the larger sizes. 
The FSSP 300 shows very few particles extending beyond 1 
tim diameter. By comparison, in Antarctica they frequently 
report particles of a few microns in size which they infer to 
be NAT. As discussed above, when we have observed par- 
ticles larger than 4 t•m in the Arctic, temperatures above 
the ER-2 altitude reached the frostpoint and it seems likely 
that the largest particles (and perhaps even 4 to 5 tim diam- 
eter particles) sedimented to the aircraft altitude. We have 
found no clear evidence for NAT particles as large as 4 t•xn 
diameter during the ER-2 flights. 

We must be careful in drawing conclusions from compar- 
isons of this nature. The measurements were made at difl'er- 

ent times and locations and, except for 890130, in different 
clouds. Information on the upwind characteristics of the air 
mass is lacking, as is the detailed previous temperature his- 
tory of the air parcel in and upwind of the cloud, and other 
factors which determine the nucleation of the particles. This 
kind of information is absolutely essential if we are to under- 
stand the mechanisms of the nucleation and growth of PSC, 
particles. Measurements need to be made from the leading 
edge of the cloud along the airmass trajectory and improved 
aerosol instrumentation is necessary including the ability to 
determine composition of the particles. 

5. (]:'OOLING RATE AND SULFATE FREEZING 

Previous studies [e.g. Poole et al., !990' Wo•sy et al., 
1990] have assumed that the sulfi•ric acid droplets will all 
be frozen at temperatures warmer than those at which NAT 
condensation could begin and therefore have concluded that 
cooling rate along with free energy barrier xvas the dominat- 
ing influence which controlled the number of particles which 
could be nucleated. In this paper we have presented evi- 
dence that the majority of the sulfuric acid droplets remain 
liquid to temperatures < 193 K and argue that homogeneous 
freezing may not occur until temperature has decreased fi•r- 
ther, perhaps as low as 190 K, where the remaining droplets 
would freeze. 

For heterogeneous freezing, i.e., nucleation from a foreign 
body in the liquid, the probability of freezing is dependent 

upon droplet size (see Pruppacher and Klett, for example), 
the larger the volume, the greater the probability. Thus, 
before homogeneous freezing occurs, the droplets on the tail 
of the sulfate distribution would have a higher probability 
of being frozen than those at smaller sizes anti therefore a 
higher probability of acting as nuclei for NAT formation. If 
this is correct, when an air parcel first reaches a temperature 
at which NAT condensation could occur (196 to 195 K at 
20 km in the Arctic) only a fraction of the sulfate aerosols 
can readily act as nuclei for NAT. But as the temperature 
cools further and homogeneous freezing of the sulfuric acid 
droplets has occurred, all of the sulfate are available as nu- 
cleation sites for NAT. 

We suggest the following scenario as a conceptual model 
of the roles of cooling rate and homogeneous nucleation of 
sulfuric acid droplets in the formation of polar stratospheric 
cloud particles. As with any conceptual model it needs to 
be tested by further observations and model simulations, 
but it seeins to fit observations, both ours and others in the 
literature. 

The first particles to nucleate and grow are from the tail 
of the sulfate distribution, as observed herein for the 890120, 
890124, and 890125 cases. If the cooling rate is rapid, the 
rate at which HNO3 becomes available for NAT growth is 
rapid. Hence, the small number of growing NAT particles 
cannot deplete the supply of HNO3 and large supersatura- 
tions of HNO3 with respect to NAT develop. As the par- 
cel cools past the temperature necessary for homogeneous 
freezing, all sulfuric acid droplets freeze and because of the 
very high supersaturations, rapidly nucleate to form NAT 
particles. The available HNO3 is distributed among many 
particles with the result that the NAT particles are small 
and have one dominant mode, as observed for all days with 
type I PSCs except 890130 (see column i of Figures 6 and 
7). An alternative to this explanation is the suggestion of 
Herrharm and Deshler [!990] that for fast cooling rates, the 
many smaller NAT particles are formed from the condensa- 
tion of HNO3 and HaO onto supercooled liquid sulfate par- 
ticles. However, the impactor restdis of Pueschel et al. [this 
issue] in the fast cooling rate PSC of 890124 suggest that 
the nitric acid containing particles were solid, thus refuting 
this hypothesis. 

When the cooling rate is slow, the first NAT particles can 
begin to forln on the fraction of sulfate particles which are al- 
ready frozen after saturation of HNO3 with respect to NAT 
occurs. There is a higher probability of the larger sulfate 
particles being frozen, but even if a fraction of the smaller 
ones are frozen and nucleate NAT particles, the small ones 
will grow xnore rapidly than the larger NAT particles and, 
if growth proceeds sufficiently long, have a tendency to pro- 
duce relatively uniform sized particles. This convergence 
toward uniform sizes is typical of a condensational growth 
process [e.g., Pruppacber and Klett, 1978]. The resulting 
size will be a function of the number of NAT particles which 
are growing, the amount of HNO.• available for condensa- 
tion and, if equilibrium is not reached, the amount of time 
available for growth. Because Ha O is abundant it will not. 
be a limiting factor. As the temperature decreases, HNO3 
will condense out of the airmass. When the particles have 
cooled to 192 K the saturation mixing ratio of HNO, with re- 
spect to NAT will have decreased to 0.4 ppbv [Hanson and 
Mauersberger, 1988]. Thus, by the time temperatures are 
sufficiently cold to homogeneously nucleate the unfrozen sul- 
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fiaric acid droplets, the gaseous HNO3 could be potentially 
reduced to mixing ratios of 0.4 ppbv or less by deposition on 
growing NAT particles. Consequently, there would be much 
less growth on the smaller, homogeneously nucleated sulfate 
particles. Because of the lower population of the select few 
which grew earlier, the resulting NAT particles will be larger 
and their size will depend upon, among other things, the 
fraction of sulfate particles previously frozen. This fraction 
might increase as the winter progresses. From the FSSP 300 
observation for 890120, 890124 and 890125 we estimate that 
about 0.1 to 1% of the total sulfate concentration might be 
involved in this early stage of NAT formation. We do not 
have direct observations of large NAT particles from our 
data, only the indirect evidence in the denitrified regions. 
However, Hermann and Deshler [1991] report such observa- 
tions from Antarctica. Also, the lidar observations of type 
Ia particles deep in the vortex by Browell et al. [1990] sup- 
port this idea. We wonder if cooling rates might often be 
less deep in the vortex, because of weaker horizontal wind.• 
away from the polar jet. If so, it might be a preferential 
place for large NAT particle formation and denitrification. 

If the lack of frozen sulfate particles does limit the nnmber 
of nuclei available for NAT formation, it can happen only 
once in a given air parcel in the vortex. Once the H2SO4 
droplets are frozen, they will remain solid. [towever, it may 
take considerable time for all of the droplets in the vortex 
to freeze, i.e. for the entire airmass to have cooled below the 

needed temperature, approximately 190 K depending upon 
H20 mixing ratios. 

When all of the sulfuric acid droplets are frozen by previ- 
otis exposure to temperatures colder than that necessary for 
homogeneous freezing, as would be expected in the Antarctic 
vortex late in the austral winter, all of the sulfate particles 
can act as nucleation centers for NAT growth. The for- 
mutton of NAT could appear at saturation ratios of HNOa 
with respect to NAT only slightly in excess of one as was 
observed by Fahey et al., [1989] on August 17, 1987 (Figure 
12) and in other events in the Antarctic. It is interesting to 
note that C, rutzen et al. [1988] anticipated t. hat a difference 
might exist between the Arctic and Antarctic based on the 
assumption that the s,lfuric acid droplets must be frozen be- 
fore NAT particles could be nucleated, and the knowledge 
that air masses in Antarctica frequently experience temper- 
atures colder than 190 I( but temperatures this low are less 
frequent in the Arctic. 

The August 17, 1987, PSC observations of Fahey et al. 
[1989], where NAT c]o•lds did form near saturation ratios of 
l, were in a minihole in which stratospheric air was being 
lifted over a tropospheric ridge leading to rapid adiabatic 
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Fig. 12. As in Figure 8 except for data collected in Antarctica 
on 870817. 

cooling rates [McKenna et al., !989]. Total P,qC particle 
concentrations in this event were 4 to 5 cm -s with a volrune 
mode between I to 2 pm diameter. The concentrations and 
sizes of this event are similar to those which we have found in 

the Arctic, where cooling rates were also high. We believe it 
is difficult to explain, for these two cases, the similarities in 
size distribution, but differences in the apparent saturation 
ratio at which PSCs occur with arguments of cooling rate 
alone. To us the effects of homogeneous freezing of liquid 
HaSO4 droplets in the Arctic seelns a more likely explana- 
tion. 

If the above scenario is correct, it conld explain (1) the 
first appearance of NAT on the tail of the sulfuric acid distri- 
bution at saturation ratios only slightly larger than one; (2) 
the consistency with temperature of the rapid onset of the 
main cloud observed herein, and by He/mann et al. [1990], 
at a temperature near 191 to 192 I(, which we infer to be 
near the temperature at which homogeneous freezing occurs; 
(3) the observation that. sometimes there is a large particle 
mode of a few microns diameter [Hermann et al., 1988; Her- 
mann. and Deshler, 1991] which apparently grew from the 
large particle portion of the sulfate distribution; (4) the dif- 
ference in apparent saturation ratio at. the main occurrence 
of PSCs in these observations (saturation ratios •10) and 
the one of Fahcy et al. [1989] in Antarctica (saturation 
ties • 1 ). 

Because of the strong temperature dependence of the sat- 
uration vapor pressure of HNO3 over NAT, it is difficult 
to unambiguously separate t]•e effect of cooling rate and 
hence energy barriers from homogeneous freezing of H2SO4 
droplets. However, our observations do show an increase 
in the sulfi•ric acid volume measured with the FSSP 300 as 

temperature decreases from 210 to < 193 K, and this is ex- 
pected from deliquescence. This, in itself, suggests that ho- 
mogeneous fleezing of the sulfiiric acid droplets occurs some- 
where in the cooling cycle and may be playing a role in the 
formation of NAT. Additional inodel simulations are neces- 

sary to elucidate the roles that may be played by cooling 
froln large scale lifting or wave motions which alter the re- 
cent t. emperature history of the air parcel and homogeneous 
fleezing of the sulfate. Laboratory studies of the supercool- 
ing and nucleation of sulfiiric acid and the nucleation and 
transition to nitric acid condensation are also important, in- 
cluding measurements of the refractive index and density of 
the H2SO4 hydrates and NAT. It is extremely important to 
have measurements made in a Lagrangian framework along 
the trajectory of different air masses. The lack of airborne 
instruments capable of measuring the entire spectrum of sul- 
fate and NAT particle sizes with good size resolution without 
volutilization and the inability to measure particle compo- 
sition directly are serious impediments to progress. Cooling 
rate is an important observational aspect which, for the most 
part, has not been quantitatively included in discussions of 
particle measurements. In particular, temperature fluctua- 
tions resulting from deviations of air parcels from idealized 
synoptic scale motions need to be studied. The observations 
of Gary [1989] suggest that we should be thinking in terms 
of recent percent of time spent at temperatures colder than 
a certain value rather than cooling rate. 

6. C, ONCLUSIONS 

We h•ve presented the size and volume distribution mea- 
surements from the FSSP 300 during the AASE and have 
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used them to examine cloud microphysical processes which 
are occurring in the winter polar stratosphere. We draw the 
following conclusions from the measurements: 

1. Snlfuric acid solution droplets in the stratosphere re- 
main liquid and grow by deliquescence during cooling to 
temperatures at least as low as 193 K. Arguments are made 
to suggest that homogeneous freezing of the sulfuric a•id 
droplets might occur near 190 K in the Arctic. 

2. Observations suggest that only a fraction of the s,lfi•- 
tic acid droplets are frozen when saturation of ttNOa over 
NAT occurs and NAT particles could first begin to form. 
We speculate that the rapid increase in particle volume ob- 
served by the FSSP 300 which occurs at temperatures colder 
than 192 K, may be the result of the homogeneous freezing 
of H•SO4 droplets which can then act as nuclei for NAT 
formation. 

3. The first indication of NAT particle appearance occurs 
for saturation ratios of HNOa with respect to NAT near I as 
an enhancement near ] p.m diameter on the large particle tail 
of the sulfate distribution. However, there are large regions 
in the Arctic in which NAT saturation has been reached, 

but in which significant formation of NAT particles has not 
occurred. The growth of NAT particles at supersaturations 
near one was not apparent during the first few flights of the 
project, but was seen for the last four flights with PSCs. 

4. The main increase of particle volume indicative of type 
I clouds was encountered when the temperature decreased 
below 192 K and the apparent saturation ratio of HNOa with 
respect to NAT reached 10 or greater. This is in contrast 
with observations of Fahey et al. [1989] in the Antarctic 
where the main onset was found to occur near a saturation 

ratio of 1. 

5. In the northernmost parts of some flights where den- 
itrification was observed, particle concentrations decreased, 
particularly the upper tail of the sulfate distribution. This 
was the same region in which the lidar observations of Brow- 
ell et al., [1990] detected type Ia particles. The combined 
evidence supports the hypothesis that activation of a few 
NAT particles allows that fraction to grow larger and fall 
out of the airmass. 

6. The variation in the shape of the NAT particle size dis- 
tributions circumstantially supports the notion that cooling 
rate and past air parcel temperature history influence the 
number of NAT particles which are nucleated. 
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